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A Shallow Water Spectral Wave Model 
IAN R. YOUNG 
Department of Ci• Engineering, Australian Defence Force Acaderng, Canberra 
A shallow water spectral wave prediction model based on a numerical solution of the radiative 
transfer equation is presented. The model is second generation and uses a simple yet effective 
representation for the nonlinear source term. In addition, the model pays particular attention 
to the shallow water processes of refraction, shoaling, bottom friction, and wave breaking. The 
flexibility of the model is demonstrated by an intercomparison with field data from a number of 
tropical cyclones. The turning winds from such storms provide a demanding test of model physics. 
The comparisons are in both deep and shallow water. 
1. INTRODUCTION 
Wave prediction models based on numerical solutions of 
the radiative transfer equation [Hasselmann, 1960] have made 
considerable progress since their inception. First generation 
models Gelci, et al., 1956; Pierson, et al., 1966; lnoue, 1967; 
lsozaki and Uji, 1973; Cardone, et al., 1975; Cavaleri and 
Rizzoli, 1981; Chen and Want?, 1983] considered the evo- 
lution of the deep water spectrum to be the result of the 
balance between atmospheric input and white cap dissipa- 
tion. I-Iasselraann [1962] showed that the spectral balance 
was more complex than assumed in first generation models 
with nonlinear wave-wave interactions playing an important 
role. The inclusion of such terms in a spectral model poses 
considerable problems due to the computational expense re- 
quired to calculate the nonlinear terms. Second generation 
models [Barnett, 1968; Ewing, 1971; Golding, 1983; Allender, 
et al., 1985; Greenwood, et al., 1985; $obey and Young, 1987] 
overcame this problem by representing the nonlinear terms 
in a parametric form based on the spectral shape. The inclu- 
sion of the parametric representation generally improves the 
performance of such models as compared to first generation 
models. Due to the relatively small number of parameters 
used to represent the nonlinear term, however, second gen- 
eration models have difficulty in representing the complex 
This paper describes a second generation shallow water 
model. The model, called ADFA1, uses a simple yet very 
flexible representation for the nonlinear terms which over- 
comes many of the limitations of other second generation 
models. To demonstrate the applicability of the model, a 
very extensive intercomparison with field data under trop- 
ical cyclone conditions is presented. These data were ob- 
tained in both deep and shallow water. The rapidly turning 
winds of tropical cyclones provide a very demanding test of 
model physics. 
2. RADIATIVE TRANSFER EQUATION 
The evolution of the directional wave spectrum E(f, 0; 
z, y, t) in water of finite depth can be described by the ra- 
diative transfer equation [$obgy, 1986] 
_ o o o (CCE) + o (CCE) + o g-fy ot 
+ Og-y (ccE) = ccs 
where C(z,y;.f)is the wave phase speed and C'•(z, y; f) is 
the wave group velocity. The terms on the left-hand side of 
spectra generated by rapidly changing wind fields [SWAMP (1) represent respectively ocal or temperal accumulation, 
Group, 1985]. S. Hasselmann et al. [1985] and Komen [1987] propagation (terms 2 and 3) and combined refraction a d 
have proposed a third generation model which uses a discrete 
interaction approximation to represent the nonlinear terms. 
This representation considers only a very small subset of the 
possible wave number components which can interact in a 
full solution. This approach has the advantage of retaining 
the physics of the interaction process. Consequently, perfor- 
mance in complex sea conditions should be enhanced. 
The extension of any of these classes of model to water of 
finite depth requires the inclusion of the additional processes 
of refraction, shoaling, bottom dissipation, and depth lim- 
ited breaking. The first attempts at such a model were made 
by Collins [1972] who developed a single-point, first genera- 
tion model for finite water depth. Similar two-dimensional 
models have been developed by Cavaleri and Rizzoli [1981] 
and Chen and Wang [1983]. 
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shoaling (terms 4 and 5). The source term S(f, 8; z,y,t) 
represents the net transfer of energy to, from or within the 
spectrum. 
In addition, the kinematics of wave propagation are de- 
scribed by ray theory. In the absence of currents, frequency 
is constant along wave rays which are described by the char- 
acteristic equations [Munk and Arthur, 1952] 
d• 
d-[ = C• cos e
Casino (2) dt 
dO Ca [sin o OC OC ] -- -- -- -- -- COS 0 t  •z • 
In deep water both C and C a are independent of depth, the 
characteristics become straight lines, and (1) reduces to the 
deep-water form utilized by the models mentioned earlier. 
Solution of (1) along the wave characteristics yields 
5113 
5114 YOUNO: A SHALLOW WATER SPECTRAL WAVE MODEL 
i 
Fig. 1. Parametric representation of the forward lobe of the 
nonlinear source term. 
•(CCaE ) -- CC•S (3) 
In the absence of forcing, S = 0 and (3) becomes 
d 
d-•(CCgE) = 0 (4) 
indicating that the quantity CCgE is conserved along the 
wave characteristics. In deep water, C and C• are invarient, 
and E is conserved along wave characteristics. 
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Fig. :2. Dependence of the nondimensional frequency factors 
vx, v2, and •3 on the peak enhancement factor 'r- The piecewise 
linear approximations, Equations (8} are shown together with the 
results of H•elrrmnn ard H•drnann [1981]. 
TABLE 1. Values of the Forward Lobe Peak of Snl for 
the Reference JONSWAP Spectrum 
Angle from Mean Magnitude of Peak 
Spectral Direction Nonlinear Transfer 
(m ) 
0 ø 3.3 x 10 -5 
15 ø :2.8 x 10 -5 
30 ø 1.7 x 10 -5 
45 ø 0.7 x 10 -• 
60 ø 0.0 
The net source term S is represented as the summation 
of a number of separate influences [Hasselmann el d., 1973] 
S -- •qin + •qnl + Sdis + Sbf + Sbrk 
representing atmospheric input to the spectrum, nonlinear 
interactions within the spectrum, white cap dissipation, shal- 
low water decay due to bottom friction, and depth-limited 
wave breaking, respectively. 
3. SOURCE TERMS 
Atmospheric Input, •qin 
Atmospheric input is based on the field measurements of 
Sin = bE(f, 8) (6) 
Snyder et al. [1981] 
where 
0.25/)• [-•-cos(8-8t•)-l]u• = 
o 
I8-8•oI <90 ø 
[8 -- 8,01 --> 900 
(?) 
where pa and pro are the densities of air and water, re- 
spectively, 8to is the wind direction, f the frequency, and 
• = 2•rf. Komen et al. [1984] have suggested that (7) 
should be rescaled in terms of •. instead of U10. Although 
such a representation would appear to have a sounder phys- 
ical basis, lack of data on the appropriate drag coefficient 
to use, particularly at high wind speeds, leads to problems 
with its implementation in a wave model. More recently, 
Plant [1982] has suggested the scaling should be in terms 
of (•./C) •, and Hsiao and SAemdin [1983] and D. 
mann, et al. [1985] have proposed (Uzo/C- 1) • rather than 
(Uzo/C- 1). Although there is still debate, (7) has been 
adopted for use in ADFA1. For waves moving slower or in 
opposition to the wind, (7) indicates there will be no decay. 
This is in agreement with the measurements of Young and 
Sobey [1985] and D. Hasselmann, et al. [1985], who indi- 
cate that such decay is quite small. As no linear or Phillips' 
mechanism [Phillips, 1957] is included in (6), initial growth 
from a zero energy state is achieved by using a "seed" spec- 
trum. This spectrum has the standard JONSWAP form 
with parameters a = 0.02, '7 = 2.26, •ra = 0.07, •r b - 0.09, 
and fm equal to the second highest frequency bin specified 
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Fig. 3a. The A grid for the tropical cyclone simulation. 
in the discrete model (typically 0.5 Hz). The actual form this section of the nonlinear transfer. Adopting such an 
of the spectrum is not important and is quickly modified by approach enables a much more accurate representation of 
the source terms; it serves only to trigger growth in a similar the forward lobe. 
fashion to the Phillips' mechanism. Following the general approach of Hasselrnann and Has- 
Nonlinear Interactions, 
Although the nonlinear source term is of comparable mag- 
nitude to the other terms in the spectral balance, the nu- 
selmann [1981], the forward lobe is scaled from the results 
of the mean JONSWAP spectrum. From the extensive cal- 
culations of Hasselmann and Hasselmann [1981] the position 
of the forward lobe is represented in terms of the nondimen- 
sional frequency, u -- f/fro, where fm is the frequency of 
merical experiments of Komen et al. [1984] and Young et the spectral peak. In view of the strongly peaked nature of 
al. [1985] clearly illustrate the dominant role it plays in the the lobe and the discrete frequency representation required 
evolution of the spectrum. Consequently, a flexible and ac- in spectral wave models, a triangular distribution was found 
curate representation is required if reliable predictions are to be a sufficiently accurate representation of the forward 
to be achieved under a wide variety of situations. lobe. To define the position of the transfer in frequency 
Hasselrnann a d Hasselmann [1981] have shown that for space, it is only necessary to determine the values •, 
spectra which conform to the general JONSWAP shape, the and •3 shown in Figure 1. 
nonlinear term can be scaled from results for the standard Examination of the Hasselrnann and Hasselrnann [1981] 
JONSWAP spectrum. Tests with this formulation, however, results indicate that •, •2, and •3 depend only on the peak 
indicated that these scaling relationships did not position enhancement factor •t. A piecewise linear approximation to 
the positive lobe of the spectral transfer accurately enough this data is shown in Figure 2 and can be represented by 
to produce suitable results. 
It is the magnitude and position of the forward lobe of the •l = 0.74 (8a) 
nonlinear transfer which plays a vital role in the evolution 
of the spectrum. The negative lobe has a far less significant •2 = max(0.94, 1.17 - 0.13q) (8b) 
role and accounts mainly for the %vershoot/undershoot" phenomenum [Yo ng et al., 1987] aswell as maintaining the •3 = max(1.01,1.457- 0.16 q) (8c) 
spectral balance in the region to the right of the spectral The magnitude of the nonlinear transfer is a function of the 
peak. In a second generation model, however, this balance is JONSWAP parameters q, • and fro. The dependence on 
maintained by the application of a spectral saturation level. and fm can be shown theoretically to be [Hasselrnann and 
Hence there seems little point in attempting to parameterize Hasselrnann, 1981] 
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Fig. 3b. The B grid for the tropical cyclone simulation. The data recording sites at North Rankin and Legendre 
Island are shown as triangles. 
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Fig. 3½. The C grid for the tropical cyclone simulation. The data recording site at Withnell Bay is shown as a 
triangle. 
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Fig. 4. Tropical cyclone storm tracks. The central positions ofthe storms are shown at 1200 with the day of the 
month followed by the month and the central pressure in brackets. 
3 -4 This value is then scaled according to the relationships given 
/a/ /fro/ (9) in(9) and (10). The scaled lobeis then positioned n fre- Snl = S•nl •7 •mm quency space cording to the relatio s given in(8). 
Application of this technique requires the determination 
where S•nl, a•, and f• are the values associated with the ref- of the JONSWAP parameters a, 7, and fm and the mean 
erence JONSWAP spectrum from which the transfer is being direction 8m. Following the approach of Hasselmann et al. 
scaled and $nt, a, and fm are associated with the spectrum 
for which the nonlinear transfer is being calculated. 
The dependence on ,7 is less well defined, but the numeri- 
cal experiments ofHasselmann and Hasselmann [1981] have 
provided a data set from which a scaling factor was devel- 
oped. This ,7 dependent scaling factor A(,7) was represented 
as a polynomial approximation to the data: 
A(,7) = 1.0456 x 10 -2 + 9.9260 x 10-2'7- 1.5361 x 10-2'72 
[1976] and Sobey and Young [1986], a and '7 were repre- 
sented in terms of the total spectral energy. Hasselmann et 
al. [1976] have presented a number of field data sets and 
developed the parametric relationships 
a -- 0.033•r• 67 (11) 
and 
5.28 x 10 -67•n. 3'33 (12) 
-t- 2.5330 x 10-2'73 -- 1.2505 X10-3'74 (10) 
Provided '7 , fro, and a are known for any spectrum, 
application of this parametric approach is quite straight- 
forward. The mean JaNSWAP spectrum with '7 = 3.3, 
fm= 0.3, and a = 0.01 is taken as the base data set for 
which all results are scaled. Since a triangular distribution 
for the forward lobe is assumed, it is only necessary to store 
the values for the peak of the positive lobe of the transfer 
associated with this reference spectrum. Values at angles of 
0 ø, 15 ø, 30 ø, 45 ø, and 60 ø are used as shown in Table 1. 
For a given angle to the mean spectral direction, the peak 
value is determined by linear interpolation within Table 1. 
where 
•m = .fm U• o .• = E g •g U•o 
Evaluation of a from an equation such as (11) is complicated 
by the fact that due to the discrete frequency resolution 
of the spectral model, fm is not a very robust parameter. 
Substitution of (12) into (11), however, yields a in terms of 
a = 0.0029• -0'• (13) 
The dependence of '7 on •,n is less well defined, but a least 
squares approximation to the JaNSWAP data yields 
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Fig. 5•. Wave field within T.C. Karen at 1200 on March 6, 1977. 
-• = 4.77•,• 413 (14) the presence of swell and directionally skewed seas resulting 
from turning winds. Young et al. [1987] have indicated that 
or for such seas the cross interactions between wind-sea nd 
-• - 1.057• -ø'124 (15) swell are not significant a d, for most cases, can be consid- 
ered as independent. Where wave trains are not separated 
Based on the analysis of an independent data set, Afitsuyasu significantly in direction or frequency space crossinteractions 
et al. [1980] have proposed a very similar elationship to will occur. As with all second generation models, ADFA1 (14)' -• - 4.42•3m/7. Equations (13) and (15) have been ignores such secondary interactions. It i  assumed that he 
adopted in ADFA1. It would be expected that (11) and nonlinear interactions are associated with the wind-sea spec- 
(14) would yield the Pierson-Moskowitz (P-M) values of a• = trum and hence e is taken as the local wind direction rather 
0.0081 and -• = 1 for the P-M peak frequency •,n = 0.13. than the mean direction of the full spectrum. The spectral 
This is true for (11) but not (14), where -• • 2 at ]•,n = 0.13. wind-sea peak is calculated using aweighted integral 
This result is consistent with recorded data, however. One 
can speculate that the final transition of-• to the P-M value 
is very rapid. Such a rapid transition would result in a de- 
crease in total spectral energy (which has not been observed) 
unless there is a balancing directional redistribution. Suffi- 
cient directional data at large fetch are currently not avail- 
able to investigate these possibilities. Since -• is only used in 
the model to scale the nonlinear transfer, this final transition 
is accommodated by setting -• = 1 if fm< 0.13. 
The determination of the peak frequency fm and mean 
direction 8 is complicated by the occurrance of spectra which 
do not conform to the standard .IONSWAP shape. In addi- 
tion, the parametric equations (13) and (15) and the nonlin- 
ear source term scaling relationships (9) and (10) are only 
applicable for spectra of the .IONSWAP form. Typical ex- 
amples where such nonconforming spectra may arise include 
fm= f fES(f' )df (16) 
The formulation represented by (16) can produce misleading 
results if there are multiple peaks in the wind direction. 
To avoid this problem, ADFA1 searches for minima in the 
wi. nd direction and only carries out the integral in (16) for 
frequencies greater than the highest minimum. Thus swell 
and wind-sea contributions in the same direction are also 
separated. 
White Cap Dissipation, Sdis 
Specification of a dynamic white cap dissipation term Sdis 
poses a number of problems. As with all discrete spectral 
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Fig. 5b. Wave field within T.C. Mabel at 1200 on January 17, 1981. 
models, the wave spectrum is defined by a large number of and D(8) is a directional spreading factor: 
frequency/direction bins and consequently has many degrees 
of freedom. Physically, local perturbations which develop in 
the spectrum tend to be smoothed out by the dynamic na- 
ture of the nonlinear transfer [,SWAMP Group, 1985; Young 
et fl., 1985]. The parametric representation of $nl used 
here (and in all other second generation models), however, 
has only a few degrees of freedom. Consequently, it cannot 
damp out all possible perturbations. Therefore use of this 
type of $nl term together with Sin as represented in (7), and 
D(0)= { 2/•rcøs2(0-0w) 0 IO - O• I < 90ø _> 90 ø (•9) 
If E(f, 0) > E•o(f, 0) and f > 0.9.fro, the spectrum is 
reduced to Eoo{f,O). Since the saturation spectrum is cen- 
tred about the local wind direction and is only applied to 
an analytical dissipation function $dis [Komen t fl., 1984] components at frequencies higher than the wind-sea peak, it 
will result in unstable d velopment of the spectrum as small has no influence on the propagation of swell. The saturation 
instabilities b come unbounded. This instability problem is level is only included to bound the actively growing windsea 
overcome in the present model by representing white cap 
dissipation by the inclusion of a saturation spectrum Eco as 
an upper level to growth [Phillips, 1977] rather than specify 
an analytical form for $dis. The saturation spectrum has 
the form 
Eoo(f ,•) -- ag2(2•r)-4 f-sD(•)(I>(f ,d) 
portion of the spectrum. Phillips [1985] has indicated that a 
more consistent formulation for the saturation spectrum is 
lsoo(7) rather han Eoo(7) indicated 
by (17). For practical wave prediction the difference be- 
tween the two formulations is of little consequence. In view 
of this and the weight of field data which have been used 
to determine the proportionfifty factor in (17}, this form 
has been retained. In addition, the nonlinear source term 
scaling relationship (9) is only applicable for spectra with 
an f-5 high-frequency face. Therefore use of (17} ensures 
the applicability of 
Bottom Friction, Sbf 
(17) 
where a is the Phillips coefficient which is a function of wave 
age and is evaluated from (13). 
½}(J', d) is a depth dependent modification factor [Kitaig- 
orodslcii et al., 1975]. 
tanh 2/•d 
<I)(S, d) -- I + 2/•d/sinh 2/•d (lS) In water of finite depth, waves are influenced by bot- tom friction and begin to decay. Following Hasselmann and 
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Fig. $½. Wave field within T.C. Alby at 1200 on March 30, 1978. 
•ollin• [1968], the source term representing bottom friction centrated on determining the limiting wave height. Divekit 
is of the form et al. [1970] and •hen and Wan9 [1983] have represented 
C f •I k 2 Ub 
= e) (20) 
where Ub represents the wave-induced bed velocity 
= (21) 
where El(f) is the one-dimensional spectrum. The friction 
factor C! can be varied if information is available for a par- 
ticular area, but a value of 0.01 has proved successful under 
a variety of applications. 
Depth Limited Breaking, '-qbrk 
The white cap dissipation term "qdis discussed earlier rep- 
resents the processes by which energy is lost through wave 
breaking in the high-frequency portion of the spectrum. In 
addition, as waves propagate into shallow water, the effects 
of shoaling lead to an increase in energy, this increase being 
greater at lower frequencies. Eventually, such waves become 
depth limited and begin to break. This process should not 
the limiting steepness of waves by the relationship 
0.12 tanh kd (22) 
where /'L is the significant wave height and L the wave- 
length. Reformulating (22) in terms of integral properties 
of the spectrum yields 
0.0355• 4 
E--m•x = 92 (23) 
where • = f E(f, and is the phase speed of the 
mean frequency of the spectrum. 
Equation (23) places a limit on the total energy of the 
spectrum but gives no information as to the limiting spec- 
trum itself. As long waves 'feel • the bottom to a greater ex- 
tent than short waves, depth-limited wave breaking would be 
expected to occur first at low frequencies, moving progres- 
sively to higher frequencies with decreasing depth. Within 
ADFA1, if the total spectral energy exceeds that given by 
(23), the energy is reduced by successively removing energy 
be confused with the white capping represented by $dis. from low frequencies until the Emax limit is reached. 
The processes associated with depth-limited breaking are It is interesting to investigate the asymptotic limits of 
still largely unknown , but considerable work has been con- (23). For shallow'water, • = x/•J, and (23) becomes 
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Fig. 5d. Wave field within T.C. Madge at 1200 on March 11, 1973. 
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Fig. 5e. Wave field within T.C. Dean at 1200 on January 31, 1980. 
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Fig. 6a, Comparison between recorded ata and model predic- 
tions during T.C. Karen at North Rankin. 
ADFA1 uses a fractional step solution [Sobe!t •nd 
1986] in which propagation and forcing are conducted over 
alternate half time steps. The propagation step uses piece- 
wise rays in conjunction with a third-order spatial interpo- 
lation scheme to reduce the effects of numerical dispersion 
[Young, 1987a ]. 
The prediction of wave spectra in shallow water involves 
a conflict of scales. To represent accurately the influences 
of shallow water, a fine grid which adequately defines the 
bathymetry is required. To represent the propagation of 
ergy into shallow water regions, however, a geographically 
large area must be modeled. To accomplish t ese require- 
merits and still maintain acceptable computational expense, 
ADFA1 uses a system of subgrids. A large course grid is used 
in deep water. Nested within this grid can be any number 
of progressively finer grids. 
Boundary conditions for the course grid are generally of 
the radiation type, in which energy can leave the grid but 
none can enter. The use of such a condition is valid pro- 
vided there are no major generation areas outside the grid. 
Consequently, the course grid must be sufficiently large to 
include all possible generating areas. The nested finer grids 
then use their respective coatset grids to provide boundary 
values. 
5. COMPAl%ISON WITH RECOllDED DATA 
The SWAMP Group [1985] intercomparison f spectral 
wave models has provided a consistent set of deep water 
S--mx = o.o355 
or//s: 0.75d, very close to the 0.78d limit commonly used. 
For deep water C': •7/(2•rf), and (23) yields Hs: 0.12L, 
where L is the wavelength. This value corresponds to the 
commonly used limiting deep-water wave slope of 0.14. 
4. NUMERICAL SOLUTION 
Equation (1) can be solved numerically in one of three 
fashions: finite difference/element methods, full ray meth- 
ods, or piecewise ray methods. In shallow water applications 
the bending of wave rays described by (2) implicitly accounts 
for the effects of refraction, thus favoring use of the ray tech- 
niques. Full ray methods construct rays which propagate 
throughout the complete grid. Equation (1) is then inte- 
grated numerically along these rays. This process alecouples 
the rays, thus making it difficult o use source term repre- 
sentations requiring knowledge of the full spectrum such as 
nonlinear interactions and bottom friction. Piecewise ray 
methods trace all wave ray components from each computa- 
tional node backward for one time step. The energy at each 
terminating ray point is then determined by interpolation 
amongst surrounding nodal points. Since the full spectrum 
is always available at each grid point, the individual spectral 
components can now be coupled through mechanisms such 
as nonlinear interactions. 
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Fig. 6b. Comparison between recorded ata and model predic- 
tions during T.C. Mabel at North Rankin. 
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Fig. 6½. Comparison between recorded data and model predic- 
tions during T.C. Mabel at Legendre Island. 
the number which can be presented. Five tropical cyclones 
which are typical for the region have been selected, and their 
tracks shown in Figure 4. Tropical cyclone tracks for the re- 
gion are very erratic but can be grouped into three major 
categories. The majority of the storms move from ENE to 
WSW, roughly parallel to coast as illustrated by cyclones 
Karen, Madge and Alby. The remainder develop in the NW 
and move toward the coast. Such storms either continue 
on this track and cross the coast, as illustrated by Dean or 
curve to the south, similar to Mabel. 
Figure 5 shows typical examples of the spatial distribu- 
tions of significant wave height/-/8, peak wave period Tm - 
1/fro, and mean wave direction 8m. Each of the figures 
has been taken at the approximate height of the respective 
storms and is depicted on the large scale A grid Isee Figure 
3). The significant wave height /t8 is represented by con- 
tours with a superimposed vector field, the length of which 
are proportional to Tm and the direction representing 8m. 
Tropical cyclones (T.C.) Mabel, Alby, and Dean clearly show 
the crescent-shaped region of high waves to the left of the 
storm center as reported by numerous authors and expected 
due to the asymmetry of the wind field. The wave field in 
Karen and Madge is distorted due to the storms' proxim- 
ities to land. In all cases, the vector pattern shows that 
paricularly in the regions ahead of the storm, the wave field 
is dominated by swell radiating out from the intense gen- 
eration region near the center. Almost identical patterns 
have also been observed in tropical cyclones using synthetic 
aperture radar [King and Shemdi% 1978; Gonzalez et al., 
tests for the evaluation of model performance. Due to space 
limitations, these results are not presented here. Detailed re- 
sults for all S WA_M• tests are, however, presented by Young 
[1987b ]. 
As demonstrated by SWAMP Group [1985], tropical cy- 
clone conditions provide a very demanding test of model 
performance. This occurs due to the rapid spatially varying 
winds which occur. The ideal opportunity for an intercom- 
parison under such conditions was provided by Woodside 
Offshore Petroleum Pry Ltd., the operators of an offshore 
gas field and associated port facility on the northwest coast 
of Australia. Data have been collected in this region under 
tropical cyclone conditions for a period of approximately 
15 years. The very extensive data base generated by this 
program includes data from a variety of sites encompassing 
both deep and shallow water and hence provides the ideal 
means for model validation. 
For all storms, meteorological data including central pres- 
sure, track, and radius to maximum winds were estimated 
from Australian Bureau of Meteorology analyses. It should 
be noted that the intercomparisons which follow are in- 
tended to provide a validation of the model physics as pre- 
viously described. No attempt has been made to calibrate 
the model against recorded data. 
As discussed in section 4, a system of subgrids was used 
for the numerical modeling. Three grids as shown in Fig- 
ure 3 were found to be adequate, the space and time steps 
reducing by a factor of 5 between each grid. Although nu- 
merical simulations have been performed for the majority of 
the storms within the data base, space limitations restrict 
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Fig. 6g. Comparison between recorded data and model predic- 
tions during T.C. Mabel at Withnell Bay. 
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1982; McLeish and Ross, 1983; Holt and Gonzalez, 1986]. In 
a number of the figures a sharp demarcation can be seen 
approximately 1000 km ahead of the storm, indicating the 
extent to which swell has propagated. The exact position of 
this front will depend on the difference between the forward 
speed of the storm and the group velocity at which the swell 
propagates. 
Recorded data from wave rider buoys were available for 
each of these storms, although the actual position and num- 
ber of instruments varied for each event. The various data 
recording locations are shown in Figure 3. Figure 6 shows 
comparisons between recorded and predicted values of H• 
and Tm at the available data locations during the passage 
of each storm. In addition, predicted values of 8m are also 
presented, although no directional data were available for 
comparative purposes. 
T.C. Karen was a moderately intense storm with a min- 
imum central pressure of 971 mbar. It moved parallel to 
the shore and passed approximately 40 km east of the deep- 
water recording site at North Rankin (depth 120 m). Figure 
6a indicates good agreement between model and recorded 
data for both H• and Tin. The model tends to under pre- 
dict in the early and latter stages of the storms passage but 
agrees well during the height of the storm. This occurs as 
a result of the relatively simple wind field used, which as- 
sumes that the tropical cyclone vortex exists in isolation. In 
reality, the cyclone will be embedded in a background flow. 
Consequently, the wind field model will tend to underesti- 
mate the wind speed and hence Hs when the storm is remote 
from the recording site. A more sophisticated wind field is 
currently being investigated. The good agreement for Tm 
is very impressive when it is remembered that this is not a 
particularly robust parameter. Under tropical cyclone con- 
ditions, where the spectrum often consists of both wind-sea 
and swell, this parameter may fluctuate markedly. 
During the passage of T.C. Mabel data were recorded 
at North Rankin {120 m}, Legendre Island {36 m}, and 
Withnell Bay (8 m). The storm, which was relatively in- 
tense moved first toward the coast and then turned south to 
continue parallel. Although the closest approach to North 
Rankin was 190 kin, a maximum significant wave height of 
approximately 5 m was recorded. Agreement between model 
and recorded data (Figure 6b} is again good, except in the 
early and late stages of the simulation, as discussed earlier. 
Conditions at the shallower site at Legendre Island {Fig- 
ure 6c) are very similar to those farther offshore, indicating 
that little shallow water attenuation has occurred. At With- 
nell Bay (Figure 6d}, however, which is afforded protection 
by coastal features, there is considerable attenuation with a 
maximum H• of approximately 1 m. Again the model per- 
forms well, although it indicates slightly greater values of T,• 
than recorded. This indicates more long-period swell enter- 
ing Mermaid Sound and hence Withnell Bay than recorded. 
As illustrated in Figure 5, swell tends to radiate out from 
the center of the storm. Therefore such small disagreements 
could be the result of slight errors in the storm track. 
T.C. Alby came no closer than 550 km from North Rankin 
when its central pressure was 990 mbar. Despite the re- 
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moteness of the storm, quite severe wave conditions with a 
maximum H, of approximately 4 m were recorded (Figure 
6e). In addition, high wave conditions persisted for a num- 
ber of days. These features are a result of the very large 
spatial extent of the storm, as can be seen in Figure 5c. 
Again the agreement between model and recorded data is 
quite good, although the model consistently underpredicts 
H, by between 0.5 m and 1.0 m. This is possibly due to the 
problems of accurately positioning the center of such a large 
storm and the inadequacy of the wind field model for such 
a remote storm. 
T.C. Madge was very similar to Mabel, although its track 
was simpler, moving parallel to the coast. Like Mabel it 
passed approximately 190 km seaward of North Rankin and 
generated a maximum H, of 6 m (Figure 6f). Again agree- 
ment between model and recorded data is quite good. 
T.C. Dean has a significantly different track to the storms 
mentioned earlier, approaching almost normal to the coast- 
line and making land fall approximately 200 km north of 
the recording sites at Legendre Island and Withnell Bay. 
Wave conditions at Legendre Island peak at H, • 3.5 m 
(Figure 6g), whereas within Mermaid Sound at Withnell 
Bay this has been reduced to approximately 1 m (Figure 
6h). At both sites, agreement between model and recorded 
data is very good. In particular, the behavior of Tm is very 
interesting. Both model and recorded data at both sites 
indicate a sudden increase in Tm at 0200 on January 31, 
1980, marking the arrival of swell and its subsequent pen- 
etration into Mermaid Sound. These conditions continue 
until 0800 on February 1, 1980, when the swell abruptly 
stops. Examination of the directional spectra at Legendre 
Island as predicted by the model (Figure 7) clearly show 
that the sea is composed of low-frequency swell from NE 
and a quite independent locally generated wind-sea from 
SE. Between 0000 and 0300 on January 31, 1980, the mag- 
nitude of the swell peak increases considerably as shown in 
Figure 7b. A similar situation also exists at Withnell Bay 
(Figure 8) although here the swell is from the north. This 
occurs as a result of both refraction and also the protection 
provided by Burrup Peninsula which prevents much of the 
swell penetrating into the region. Comparisons of the model 
and recorded one-dimensional spectra at Withnell Bay are 
shown in Figure 9. Again the agreement is very impressive 
with the model values falling well within the 90% confidence 
limits on the recorded data. As the cyclone moves closer to 
shore, the point is eventually reached when swell radiating 
from the center can no longer reach the recording sites. This 
accounts for the sudden decrease in Trn at 0800 on February 
1, 1980. 
A good indication of overall model performance is demon- 
strated in Figure 10 which shows a composite comparison 
at all recording sites for the five storms mentioned earlier. 
Figure 10 shows all data in the period plus or minus 24 
hours of the maximum recorded value of H• for each storm. 
Statistical analysis of this data yields an average error of-8 
cm, an rms error of 46 cm and a scatter index of 15%. Fol- 
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Fig. 9a. Comparison between recorded and predicted one- 
dimensional spectra at Withnell Bay on January 31, 1980, at 
0000. 
lowing Gtinter et al. [1984], the average rror is defined as 
the mean of the modeled minus observed Hs and the scatter 
index as the ratio of the standard deviation and mean ob- 
served Hs. Agreement between observed and model results 
appear to be better for the larger wave heights. This is due 
to the more accurate representation of the wind field by the 
simple vortex model when the storms are relatively close to 
the recording sites, as discussed earlier. In view of possible 
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Fig. 9b. Comparison between recorded and predicted one- 
dimensional spectra at Withnell Bay on January 31, 1980, 
at 0300. 
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Fig. 10. Composite comparison of recorded and predicted values 
of significant wave height from all storms at both deep and 
shallow water locations. 
errors in accurrately positioning the storm tracks and mete- 
orological parameters, the agreement is very impressive. In 
particular, model performance in shallow water appears to 
be equally good as that in deep water. 
6. CONCLUSIONS 
A numerical wave prediction model has been presented 
which is based on solution of the radiative transfer equation. 
The model adopts a simple yet very flexible representation 
of the nonlinear source terms in this equation. This form 
of approximation appears to perform quite well under the 
very demanding conditions produced by the turning winds 
of tropical cyclones. 
A very extensive comparison with recorded data, both 
in deep and shallow water, under tropical cyclone forcing 
clearly illustrates model performance under very demanding 
meteorological conditions. The model reproduces observed 
directional trends in tropical cyclones with the dominant 
swell propagating ahead of the storm. In addition, the model 
consistently provides good agreement with recorded data for 
significant wave height and peak wave period. 
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